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Membrane dockingThe C2 domain of PKCε binds to negatively charged phospholipids but little is known so far about the docking
orientation of this domain when it is bound. By using a FRET assay we have studied the binding of this do-
main to model membranes. We have also used ATR-Fourier transform infrared spectroscopy with polarized
light (ATR-FTIR) to determine the docking mode by calculating the β-sandwich orientation when the domain
is bound to different types of model membranes. The vesicle lipid compositions were: POPC/POPE/POPA
(22:36:42) imitating the inner leaﬂet of a plasma membrane, POPC/POPA (50:50) in which POPE has been
eliminated with respect to the former composition and POPC/POPE/CL (43:36:21) imitating the inner mito-
chondrial membrane. Results show that the β-sandwich of the PKCα-C2 domain is inclined at an angle α
close to 45° to the membrane normal. Some differences were found with respect to the extent of binding as a
function of phospholipid composition and small changes on secondary structurewere only evidentwhen the do-
main was bound to model membranes of POPC/POPA: in this case, the percentage of β-sheet of the C2 domain
increases if compared with the secondary structure of the domain in the absence of vesicles. With respect to
the β-sandwich orientation, when the domain is bound to POPC/POPE/CL membranes it forms an angle with
the normal to the surface of the lipid bilayer (39°) smaller than that one observed when the domain interacts
with vesicles of POPC/POPA (49°).
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Protein kinase C (PKC) composes a large family of phospholipid-
dependent serine/threonine kinases, which are activated by many ex-
tracellular signals and play a critical role in several signaling pathways
within the cell [1–3]. The mammalian isoenzymes have been grouped
into three subfamilies according to their enzymatic properties: classical,
novel and atypical [3–6].
Protein kinase Cε (PKCε) isoenzyme, which belongs to the group
of novel PKCs, has been linked with the regulation of several biological
processes, including neuron differentiation [7,8], antiviral resistance [9],
hormone secretion [10], transporter regulation [11,12] and integrin-
dependent signaling [13,14].
Novel PKCs possess a regulatory part consisting of a C1 domain,
which binds diacylglycerol or phorbol esters, and a C2 domain which
does not bind Ca2+. The C2 domain of PKCε binds tomembranesmainlylmitoyl-2-oleoyl-sn-glycero-3-
-phosphate; CL, bovine heart
oethanolamine; ATR-IR, attenu-
(5-dimethylaminonaphthalene-
olamine
34 968 364147.
dez).
l rights reserved.through electrostatic interactions, due to their recognition of negative
charge phospholipids, such as phosphatidylserine or phosphatidic acid
in a Ca2+-independentmanner [6,15–17]. It is well known that zwitter-
ionic phospholipids, such as phosphatidylcholine, are not suitable for
the electrostatic interaction of peripheral charged proteins with mem-
branes [18]. It has also been shown that this C2 domain has a preference
for phosphatidic acid [6] and that phosphatidic acid is an important and
essential activator of PKCε in vivo through the C2 domain [19].
The importance of the C2 domain for the translocation of PKCε to
membranes in vivo and the role played by phosphatidic acid in the
translocation [19] suggest that the domain binds to lipids as a comple-
ment to protein–protein interaction, and that PKCεmay be regulated by
the signaling pathway triggered by phospholipase D.
All C2 domains share a common overall fold: a single compact
Greek-key motif consisting of eight antiparallel β-strands assembled
in a β-sandwich with ﬂexible loops on top and at the bottom of the
sandwich [3,20]. Docking of the C2 domain onmembranes is, therefore,
crucial to the way in which it interacts with their target lipids. However
since phospholipids were not visible after the co-crystallization of the
C2 domain of PKCε with phospholipids this experiment did not supply
enough information about the membrane docking of this domain.
Previously, studies on PKCα-C2 and other C2 domains have been car-
ried out byusing amethod that is directly sensitive to angular orientation,
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the form of attenuated total internal reﬂection infrared spectroscopy
(ATR-IR), by using an adequate approach to discern the orientation of
β-sandwich structures such as C2 domains [21].
In the presentwork, we use polarized ATR-IR to study themolecular
docking of C2 domains fromPKCα to POPCmembranes that contain an-
ionic target lipids such as CL or POPA. In this way, both the inclination of
the β-sandwich to the membrane and the tilt of the β-strands within
the β-sheets can be determined. It is concluded that the β-sandwich
of the PKCε-C2 domain is inclined at an angleα close to 45° to themem-
brane normal.
2. Materials and methods
2.1. Materials
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphate (POPA), bovine heart
cardiolipin (CL) and N-(5-dimethylaminonaphthalene-1-sulfonyl)-1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine (DHPE),were pur-
chased from Avanti Polar Lipids (Alabaster, AL, USA). Deuterium oxide
(99.9% 2H2O) was purchased from Aldrich (Madrid, Spain). All other re-
agents and solvents were commercial samples of the highest purity. The
PKCε-C2 domainwas expressed and puriﬁed as previously described [6].
2.2. Preparation of lipid vesicles for FRET assays
Lipid vesicles were generated by mixing chloroform solutions of
POPC, POPA, POPE, CL and DHPE in the desired proportions; the or-
ganic solvent was then removed under a nitrogen stream, and the
vesicles were further dried under vacuum for 60 min. Dried phospho-
lipids were resuspended in buffer containing 25 mM Hepes pH 7.4 and
0.5 mM EGTA by vigorous vortexing and were subjected to direct probe
sonication (ten cycles of 10 s).
2.3. Equilibrium ﬂuorescence experiments
Equilibrium ﬂuorescence experiments were carried out as previously
described [6] on a Fluoromax-3 (Jobin Yvon, Horiba, Edison, NJ) at 25 °C
in a standard assay buffer composed of 20 mMHepes pH 7.4 and 10 mM
KCl. The excitation and emission slit widths were 2 nm for all equilibri-
um ﬂuorescence experiments. Sonicated lipids were titrated in, and the
protein-to-membrane FRET was monitored from the intrinsic trypto-
phan ﬂuorescence emission at 340 nm using an excitation of 290 nm.
To correct for theﬂuorescence attenuation produced by the lipid vesicles,
a control was measured in which vesicles containing only POPC and
DHPE were added to a cuvette with PKCε-C2 (0.5 μM), whereas the
values obtained were subtracted from those of the above experiments.
Additionally, the dilution effect produced by the addition of vesicles
was corrected by subtracting the values obtained after adding the same
volumes of buffer without lipid vesicles to a cuvette containing the C2
domain. All total lipid concentrations were divided by 2 to take into
account the inaccessibility of one of the leaﬂets to the protein because
of the sealed nature of the bilamellar sonicated vesicles.
Equilibrium binding data were best-ﬁtted using the Hill equation
ΔF ¼ ΔFmax
XH
KHD þ XH
 !
ð1Þ
where 〖ΔF〗_max represents the calculatedmaximalﬂuorescence change,
X represents the free phospholipid concentration corrected for the leaﬂet
effect (for phospholipid titrations),H is theHill coefﬁcient, andK_D repre-
sents the apparent equilibrium dissociation constant for lipid binding and
corresponds to the inverse of the afﬁnity constant.2.4. Sample preparation for ATR-IR measurements
Solutions of 2 μmol of POPC/POPA (50:50 molar ratio), POPC/POPE/
POPA (22:36:42 molar ratio) and POPC/POPE/CL (43:36:21 molar ratio)
lipid mixtures were used to prepare multilamellar liposomes (MLVs).
The lipids dissolved in chloroform were dried under a stream of N2
[22] and then by at least 4 h under high vacuum in order to remove
the last traces of solvent. MLVs were generated by hydrating with
20 mM Hepes, 100 mM KCl pH 7.5 buffer and vortexing vigorously.
Then PKCε-C2 domain was added to obtain a 40:1 lipid/protein ratio
and the samples were incubated for 20 min at 25 °C. The unbound pro-
tein remaining in the supernatant was removed by centrifugation.
Oriented thick multilayer stacks were obtained by slowly evaporating
sample solutions on a germanium ATR plate under a stream of nitrogen.
The germanium was previously washed with alkaline detergent, rinsed
with deionizedwater and ﬁnally washedwithmethanol and chloroform
in order to render the surface hydrophilic. The membrane-bearing ATR-
plate was placed in the liquid sample holder and spectra of the dry sam-
ple were recorded. Then the liquid sample holder was connected to an
air stream (saturated with 2H2O) and the sample was hydrated for at
least 30 min. Spectra of the hydrated sample were then recorded. The
spectra of both dry and hydrated samples were collected at room tem-
perature, with the incident radiation polarized parallel and perpendicu-
lar relative to the plane of incidence. As we demonstrated in a previous
work this treatment does not damage the structure and the functionality
of the protein [21].
2.5. ATR-IR spectroscopy
ATR spectra were recorded on a Bruker Vector 22 Fourier-transform
infrared spectrometer equipped with a liquid-nitrogen-cooled MCT de-
tector and using a germanium ATR plate (Specac, Orpington, U.K.)
(52 mm×20 mm×2 mm) with an aperture angle of 45° as internal
reﬂection element. Spectra were recorded with parallel and perpendic-
ular polarization of the incident beambyusing a ZnSe polarizer (Specac,
Orpington, U.K.) at room temperature. A total of 128 scans were aver-
aged for each spectrum with a nominal resolution of 4 cm−1. At least
24 h before and during data acquisition, the spectrometer was purged
continuouslywith dry air. Spectral processingwas carried out in general
as described before [23]. Remaining interference from water vapor ab-
sorption was eliminated by subtracting a separately measured water
vapor spectrum from the original spectra. Finally, spectrawere smoothed
with a 9-point Savitsky–Golayﬁlter to remove further noise from residual
water vapor. Spectrawere checked after every smoothing to conﬁrm that
the bandshape was not modiﬁed. Before every experiment, background
single-beam spectra were collected with the clean ATR crystal alone.
Then, the samples were placed on the germanium plate, as described
above, and ATR-absorbance spectra of the dry and hydrated sample
were collected, in conjunction with the previously recorded background
spectra.
Polarized ATR spectra of the hydrated samples were used to calcu-
late the secondary structure composition of the PKCε-C2 domain. Spec-
tra were processed using Opus-NT 2.0 software from Bruker. Band
decomposition and estimation of the secondary structure composition
were performed as described [21,24], by using the peak-ﬁtting module
included in OriginPro 7.5 software (OriginLab Corp., Northampton,
MA). Dichroic ratios were determined from the integrated areas of the
polarized spectra. Speciﬁcally, areas assigned to the principal β-sheet
absorptions of the amide I and amide II bands were used to obtain RI
(amide I) and RII (amide II), those of the CH2 symmetric and antisymmet-
ric stretching bands to obtain RCH2 (2850 cm
−1) and RCH2 (2920 cm
−1),
respectively, and that of the lipid carbonyl band to approximate Riso. The
ratios of the components of the electric ﬁeld intensities of the evanescent
infrared wave used for interpretation of dichroic ratios and estimation
of secondary structure content are: Ex2/Ey2=0.853 and Ez2/Ey2=1.147,
for a 45°-cut germanium ATR plate in the thick ﬁlm approximation
Table 1
Comparison of equilibrium afﬁnity and maximal binding parameters, calculated from
data plotted in Fig. 1.
Membrane KD Standard deviation Emax
POPC:POPE:POPA:DHPE 47.16 0.91 0.48
POPC:POPA:DHPE 45.30 2.26 0.65
POPC:POPE:CL:DHPE 71.84 1.56 0.35
FRET was measured between the tryptophan residues of the C2 domain of PKCε and
DHPE located in membrane vesicles. Molar ratios were: POPC:POPE:POPA:DHPE
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as mean value±standard deviation.
It should be said that the angles given in this paper can be considered
approximate since the use in ATR ofmultiple reﬂections, used to improve
the signal to noise ratio, makes that the polarization is progressively lost
as the number of reﬂections increase. This effect does not cancel the
possibility of looking at changes in orientation, but makes that the angles
are not strictly correct. It can be said that the angle given are in the vicin-
ity of the value obtained, but not that the value is exact.(17:36:42:5); POPC:POPA:DHPE (45:50:5); POPC:POPE:CL:DHPE (38:36:21:5).3. Results
Previous studies suggested that the PKCε-C2 domain binds to mem-
branes throughmainly electrostatic interactionswith negatively charged
phospholipids with a special afﬁnity for PA [6,16,26–28]. It was shown
that hydrophobic forces do not play an important role in these interac-
tions [6] and in a model previously suggested it was assumed that pro-
tein loops insert to a very limited extension into the membrane [16].
We have used membranes containing POPC/POPE/POPA (22:36:42) as
a model for the inner leaﬂet of plasma membranes, avoiding the use of
phosphatidylserine which absorbs in the amide I region and creates
problems for the correct analysis of the protein spectra. In parallel we
have used POPC/POPA (50:50), where POPE has been eliminated with
respect to the former sample. Additionally, since it has been described
that PKCε may translocate to the mitochondria [29] where CL is a very
important negatively charged lipid, we have also employed membranes
containing POPC/POPE/CL (43:36:21) as a model evoking a mitochon-
drial inner membrane to test the afﬁnity of the C2 domain for such a
membrane.
Fig. 1 shows a binding experiment in which FRET was used to study
the afﬁnity of the PKCε-C2 domain to the different lipidmixtures used in
thiswork. It can be seen that, whereas for themixture POPC/POPE/POPA/
DHPE (17:36:42:5, molar ratio) a KD of 47.16±0.91 and an Emax of 0.47
were observed (Table 1), when POPA concentration was slightly in-
creased and POPE suppressed (POPC/POPA/DHPE 45:50:5, molar ratio)
KD did not signiﬁcantly changed (45.30 μM), but Emax reached its maxi-
mum value (0.65), indicating an increase in FRET efﬁciency. Lower afﬁn-
ities and FRET efﬁciencies were observed when the membrane used
imitated that of the inner mitochondrial membrane, with POPC/POPE/
CL/DHPE (38:36:21:5, molar ratio), so that KD was now 71.84 μM and
with an Emax of 0.35.Fig. 1. Protein docking was assessed by protein-to-membrane FRET, using donor ﬂuo-
rescence to quantify the FRET. The solid lines represent the best ﬁt of the resulting FRET
signal to the equations described in the Materials and methods section. (●) POPC/
POPA/DHPE (molar ratio 45:50:5); (▼) POPC/POPE/POPA (molar ratio 17:36:42:5);
(■) POPC/POPE/CL/DHPE (molar ratio 38:36:21:5).3.1. Secondary structure
By analyzing the amide I′ band, the spectral region between 1700
and 1600 cm−1, we can obtain information on the protein secondary
structure. This band is mainly associated with the C_O stretching vi-
bration of the peptide bond and is directly related to the backbone
conformation. Fig. 2 shows, as an example, the absorbance (middle),
deconvoluted (top) and second derivative (bottom) ATR-IR spectra of
the hydrated sample of PKCε-C2 domain bound to POPC/POPA model
membrane in the amide I′ spectral range. Spectra obtained by using par-
allel and perpendicular polarized radiations are reported in panels A
and B respectively. The resolution enhanced spectra revealed eight
component bands of the amide I′, each of them can be assigned to the
absorption of a particular secondary structure element [24,30,31] ex-
cept the band at 1619 cm−1 that is due to tyrosine side chain absorption
[32]. The bands at 1628, 1634 and 1673 cm−1 are associated with
low-frequencyβ-sheet,β-sheet and high frequencyβ-sheet, respective-
ly. The band at 1653 cm−1 arises from α-helical structure and the one
around 1644 cm−1 corresponds to unordered structures. The peak at
1663 cm−1 is due to β-turns while the assignation of the band at
1687 cm−1 is less certain but it also may be due to β-turns [33]. The
amide I′ band qualitative analysis of PKCε-C2 domain suggests that
β-sheets are in large amount as compared to the content of α-helices
and no signiﬁcant changes (after adding all the elements for a same
type of secondary structure) are evident in the secondary structure of
the domain when it was bound to membranes of different lipid compo-
sitions (spectra not shown).
In order to get further insight into the protein secondary structure
in the presence of different kinds of lipid membranes, an estimation
of the content of each secondary element was performed. For orient-
ed samples on a Ge crystal plate analyzed by ATR-IR, a combination of
band ﬁttings from parallel and perpendicular polarized spectra must
be performed [21,34]. In Fig. 3 curve ﬁttings of the amide I′ band of
the PKCε-C2 domain in the presence of different model membranes
are displayed. The band areas from parallel (A//) and perpendicular
(A⊥) polarized radiations are combined according to the following
equation:
A ¼ A== þ G A⊥ ð2Þ
where G≡ 2 E
2
z
E2y
− E
2
x
E2y
¼ 1:441, for the thick ﬁlm approximation and a
45°-cut Ge ATR crystal [34]. Every band area was calculated applying
the previous equation. From the sum of all the individual band areas
new amide I′ curves were obtained as displayed in Fig. 3. The secondary
structure contents that are derived in this way for the PKCε-C2 domain
bound to the different lipidmembranes are reported in Table 2. Indepen-
dently of the lipid composition, the secondary structure of the domain
was not particularly changed by the docking to different membranes,
the total amount of β-sheet elements varies from ~53% of the total com-
ponents in the presence of POPC/POPE/CL lipid mixture to ~48% in the
presence of POPC/POPE/POPA. On the other hand, the contribution of
α-helices oscillated between ~16% and ~11% with POPC/POPE/POPA or
POPC/POPE/CL model membranes respectively. Most of these small dif-
ferences can be attributed to measurements and ﬁtting errors. In all the
Fig. 2. Amide I′ region in the absorbance (middle), deconvoluted (top) and second derivative (bottom) ATR-IR spectra of the PKCε-C2 domain associated with POPC/POPA mem-
brane recorded with parallel (left panel) and perpendicular (right panel) polarized incident radiation.
Fig. 3. Curve ﬁtting of absorbance spectra of hydrated PKCε-C2 domain docked to dif-
ferent lipid membranes. The amide I′ bands of the domain spectra are ﬁtted with
Gaussian curves. Spectra derived from the combination of parallel and perpendicular
polarized spectra according to Eq. (2).
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agreement with the FTIR values of a previous study [28] as well as with
the data issued from the domain crystal structure [16].3.2. Lipid chain orientation
A MLVs suspension dried on a hydrophilic Ge crystal forms a rather
homogeneous multilayer stack ﬁlm [35]. The lipid chain ordering of the
membrane mainly depends on the lipid composition and on the pres-
ence of anymolecule associated to the membrane. The acyl chain orien-
tation can be estimated by using polarized and difference dichroic
spectra. The latter are obtained by subtracting the parallel from the per-
pendicular polarized ATR-IR spectra after multiplication of the perpen-
dicular spectra by the RC=O (Riso) which is the dichroic ratio measured
for a transition dipole that is either spatially disordered or oriented at
the magic angle [36,37]. Positive or negative peaks in the dichroic differ-
ence spectra arise from transitionmoments of the vibrational groups giv-
ing an idea about the preferential orientation with respect to the ATR
plate [36]. Quantitative information of the chain order can be determined
from the corresponding dichroic ratios, RCH2 (see, e.g., refs. [38,39] from
whichwe canderive the following equations that represent the chain pa-
rameter order
P2 cosθchð Þh i ¼
2 E2z=E
2
y þ E2x=E2y−RCH2
 
2E2z=E
2
y−E2x=E2y þ RCH2
ð3ÞTable 2
PKCε-C2 domain secondary structure determination. Secondary structure components
of PKCε-C2 domain in the presence of different lipid membranes, as derived from the
amide I′ band of ATR-IR spectra of hydrated samples. Samples were hydrated by an
air stream saturated with 2H2O and the spectra collected at room temperature.
Structure PKCε-C2 POPC/
POPE/POPA
PKCε-C2
POPC/POPA
PKCε-C2 POPC/
POPE/CL
Center
(cm−1)
Fitting
(%)
Center
(cm−1)
Fitting
(%)
Center
(cm−1)
Fitting
(%)
β-Sheet 1626 17±1 1624 20±1 1624 21±4
β-Sheet 1636 22±2 1633 27±3 1634 23±1
Unordered 1645 19±2 1642 22±2 1643 23±1
α-Helix 1655 16±1 1652 13±2 1652 11±7
β-Turns 1665 14±1 1662 11±1 1662 12±1
β-Sheet 1677 9±2 1673 5±2 1674 9±2
β-Turns 1688 3±1 1685 2±1 1686 2±1
Results are expressed asmeans±standard deviations of results from triplicate experiments.
Fig. 4. Polarized ATR-IR spectra of the PKCε-C2 domain associated to POPC/POPA (top) and POPC/POPE/POPA (bottom) membranes in the 3000–2700 and 1900–1500 cm−1 re-
gions, as well as their difference dichroic spectra (//−Riso⊥). Spectra are reported from dry (left) and hydrated (right) samples.
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P2 cosθchð Þ〉 ¼ §ð3cos2θeff−1
D 
ð4Þ
where both P2 cosθchð Þh i and θeff indicate an ensemble average.
Fig. 4 shows the polarized ATR-IR and dichroic difference spectra
of PKCε-C2 domain in the presence of POPC/POPA and POPC/POPE/
POPA in the CH2 stretching vibration spectral range (3000–2750 cm−1)
and in the carbonyl, amide I and II regions (1900–1500 cm−1). Negative
dichroism of both symmetric and asymmetric CH2 band, indicated by the
presence of negative peaks at 2850 and2920 cm−1 respectively, suggests
a preferentially orientation of lipid molecular axes close to the normal to
the Ge surface. RCH2 , P2 cosθchð Þh i and θeff were calculated for all the lipid
membranes in both dry and hydrated sample, the values are reported in
Table 3.
For unhydrated POPC/POPA membranes the P2 cosθchð Þh i value cal-
culated is 0.86±0.10 that corresponds to an effective angle θeff=
16±7° with respect to the ATR plate normal, indicating a very good
orientation of the membrane. Hydration of the sample does not affect
appreciably the orientation of the lipids leading only a small decrease
of the chain parameter order to 0.73±0.06 with a corresponding θeff
of 25±3°. When POPE is present the membrane remains well oriented
as it is shown by the values of P2 cosθchð Þh i and θeff that are 0.86±0.08
and 17±5° respectively for the dry sample and 0.73±0.09 and 25±
5° respectively for the hydrated sample. Otherwise, the replacement
of POPA with CL in the lipid mixtures induces a greater disorder and
consequently a decrease of P2 cosθchð Þh i and an increase of the effective
angle (Table 3).
3.3. Orientation of C2 domains docked to membranes
In a previous work, we developed a model to calculate the orien-
tation of β-sandwich proteins docked to membranes [21]. In agree-
ment with that, information about the orientation of the PKCε-C2
domain bound with model membranes are obtained by the combined
analysis of polarized spectra in the amide I and II regions of samplesdried from H2O and rehydrated in 2H2O (Fig. 4). In a ﬂat β-sheet,
the orientation is given by the speciﬁcation of two angles: the angle α
that is the inclination of the β-sheets to the membrane normal, and
the angle β that represents the tilt of the β-strands within the sheet
[40]. A fundamental condition for the applicability of this model in a
β-sandwich conformation is that the angle between the strands in the
two sheets is small [21] and the inclination of the angle α to the mem-
brane normal is estimated considering the bisector as the symmetry
axis of the sandwich. From the calculation of dichroic ratios of amide I
and II for the dry sample and only of amide I for the hydrated sample,
the values of the angles α and β are given by the following equations:
RII ¼
E2x
E2y
þ
2 cos2α
D E
cos2β
D E
1− cos2α
 
cos2β
  E2z
E2y
ð5Þ
and
RI ¼
E2x
E2y
þ
2 cos2α
D E
sin2β
D E
1− cos2α
 
sin2β
  E2z
E2y
ð6Þ
where RII and RI are the dichroic ratios of the β-sheet component bands
in amide II and amide I bands respectively [21] and Ex2, Ey2 and Ez2 repre-
sent the electric ﬁeld components for the thick ﬁlm approximation.
Angle β is calculated only for a dry sample assuming that it does
not change signiﬁcantly when hydrated [41,42]. It seems that it is
not signiﬁcantly affected by the presence of membranes of a different
lipid composition. In the presence of POPC/POPE/POPA and POPC/
POPE/CL the angle β of PKCε-C2 domain is close to 43° whilst when
POPC/POPA is used it slightly increases to 48±5°. With regard to the
domain orientation, applying the previous equations for the approxima-
tion of the β-sandwich structure model, we assess the inclination of the
domain axis to the surface normal of the different model membranes.
The value of cos2α
 
for PCKε-C2 domain associated with the POPC/
POPA membrane is 0.432±0.025, which corresponds to an angle of
49±2°. The addition of POPE induces an increase of cos2α
 
and,
Table 3
Orientation of lipid acyl chains. Dichroic ratio (RCH2 ), order parameter P2 cosθchð Þh ið Þ and effective angle (θeff) of lipid chains in aligned membranes of different composition in the
presence of PKCε-C2 domain. The values are deduced from the dichroism of both the CH2 antisymmetric (2920 cm−1) and symmetric (2850 cm−1) stretching band.
Dichroic ratio, order parameter and effective tilt angle PKCε-C2 POPC/POPE/POPA PKCε-C2 POPC/POPA PKCε-C2 POPC/POPE/CL
Dry Hydrated Dry Hydrated Dry Hydrated
RCH2 1.23±0.05 1.31±0.06 1.23±0.06 1.32±0.04 1.76±0.01 1.69±0.06
P2 cosθchð Þh i 0.86±0.08 0.73±0.09 0.86±0.10 0.73±0.06 0.21±0.01 0.28±0.06
θeff (°) 17±5 25±5 16±7 25±3 47±1 44±2
Results are expressed as means±standard deviations of results from triplicate experiments.
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the membrane composition is POPC/POPE/CL the value of cos2α
 
in-
creases further, this lipid composition leads to a decrease of 10° of the
angle α, thus the PKCε-C2 domain lies more perpendicular to themem-
brane surface (Table 4).4. Discussion
We have studied, for the ﬁrst time, the membrane docking of a
C2 domain of a novel PKC which does not bind Ca2+, by using ATR-IR
spectroscopy.
The sensitivity of the ATR-IR method to study the docking of
β-sandwich C2 domain was tested in a previous paper, in which the
docking of PKCα-C2 domain belongs to type I folding and binds
Ca2+. This domain was studied in the presence of Ca2+ when binding
to different types of membranes and the angle α (with respect to the
normal to the membrane), was found to amount to 35° (PKCα-C2
POPC/POPS), 44° (PKCα-C2 POPC/POPS/PIP2), 37° (PKCα-C2 POPC/
POPA), 33° (PKCα-C2 POPC/POPA, molar ratio 65:35) and 48°
(PKCα-C2 POPC/POPA/PIP2) [21]. We can see, therefore, that there
are two main types of orientations: one for the C2 from PKCα in the
presence of PIP2 where the existence of two different binding sites,
one of them for PIP2 and another for Ca2+-phosphatidylserine [43]
leads to a disposition more parallel to the plane of the membrane
(44°–48°). A more perpendicular orientation with respect to the plane
of the membrane is, however, observed for the C2 domain of PKCα
when it is only bound through the calcium binding site (33°–37°).
Although the C2 domain of PKCε belongs to type II folding and
does not bind Ca2+, a certain similarity was found with respect to
that of PKCα in the presence of PIP2, suggesting that more than one
site could also participate in the binding in the case of PKCε-C2 do-
main [16]. Nevertheless, some small variations were also observed
in the case of the C2 domain of PKCε as a function of the lipid compo-
sition of the membrane, so that the most parallel disposition (49±2°)
was observed with POPC/POPA (50:50, molar ratio). The orientationTable 4
Dichroic ratios and tilts of PKCε-C2 domain bound to the membranes. Dichroic ratios
for both dry and hydrated samples were used to calculate the angles α and β of the
PKCε-C2 domain. The angle α is the inclination of the β-sheets to the membrane nor-
mal and the angle β is the tilt of the β-strands within the sandwich. From the principal
β-sheet bands in the amide I and amide II bands, the dichroic ratios RI and RII are
obtained, respectively.
Dichroic ratios (R) and
tilts (α,β)
PKCε-C2 POPC/
POPE/POPA
PKCε-C2
POPC/POPA
PKCε-C2 POPC/
POPE/CL
Dry Hydrated Dry Hydrated Dry Hydrated
RI (main β-sheet band,
amide I)
1.686 1.638 1.693 1.562 1.599 1.761
RII (main β-sheet band,
amide II)
1.794 1.483 1.780
cos2β
 
0.525±0.030 0.444±0.081 0.535±0.066
Angle β (°) 44±2 48±5 43±4
cos2α
 
0.522±0.043 0.432±0.025 0.606±0.054
Angle α (°) 44±2 49±2 39±3
Results are expressed asmeans±standard deviations of results from triplicate experiments.of the domain was different (39±3°) when a composition similar
to that of the mitochondrial membrane was used (POPC/POPE/CL
(43:36:21) and this was tried since it is known that the C2 domain
of PKCε may translocate to the mitochondria in certain situations
such as an ischemic heart [29]. The presence of POPE may affect the
membrane so that it could slightly modify the effect of POPA as seen
with POPC/POPE/POPA (22:36:42) for which the tilt was 44±2° com-
paredwith 49±2° in its absence. In the case of themembrane imitating
the innermitochondrialmembrane, angleαwas 39±3° and in this case
a lower concentration of anionic lipids was present, although CL pos-
sesses 2 negative charges at physiological pH.
We have also tested how changes in the phospholipid composi-
tion may affect the binding of PKCε-C2 domain to the membrane.
When a membrane designed as a model for the inner leaﬂet of the
plasma membrane (POPC/POPE/POPA) and another in which POPA
has been increased (POPC/POPA) were compared it was seen that in-
creasing POPA concentration did not change very much KD, as shown
by the FRET experiments, but remarkably increased FRET efﬁciency
and this would be compatible with a more lain disposition of the pro-
tein so that the tryptophans are now closer to DHPE molecules. Per-
haps residue Arg50 in the connection between strands β3 and β4,
might also have an increased participation in electrostatic interac-
tions with the lipid charged membrane heads (Fig. 5) thus explaining
that angle α increased from 44 to 49°, this variation being relatively
small but signiﬁcant.
On the other hand, in the case of the membrane that imitated the
mitochondrial inner membrane POPC/POPE/CL/DHPE (38:36:21:5
molar ratio) the highest KD (71.83±1.55 mM) and the lowest Emax
(0.35) were observed. The low FRET observed may be due to the
β-sandwich forming a relatively low angle with the normal to the bi-
layer plane which will position the tryptophans relatively far away
from the DHPE molecules, this interpretation being compatible with
the relatively low angle α (39°) observe in this case. It is interesting
to remark that the most vertical orientation of β-sheets was observed
when this last membrane was used (39°), compared to 49° for a
membrane formed by POPC/POPA. The combined presence of POPE
and cardiolipin may be the reason for this more vertical orientation
of the domain, although the reduced molar percentage of anionic
phospholipids (in this case only 21 mol% CL) could also be important,
although CL has two negative charges at physiological pH. It should be
also remarked that the afﬁnity of the C2 domain for this CL-containing
membrane was not particularly high, and therefore if PKCε has afﬁn-
ity for the inner mitochondrial membrane the interaction may be
established with the participation of other parts of the enzyme or
with the involvement of proteins. Nevertheless it is difﬁcult at this
point, to know the implication of the orientation of this domain
with respect to the activity of the enzyme or even for the recognition
of a cardiolipin containing membrane, like the inner mitochondrial
membrane, by PKCε. Since the translocation of this isoform to the mi-
tochondria is known to be quite relevant in anoxia or hypoxia, in both
cardiomyocytes [44] and neural tissues [45] this way of docking may
be of interest.
It was suggested by X-ray diffraction studies of the PKCε-C2 do-
main that loops joining strands β1–β2 and β5–β6 participate in the
binding to anionic membranes [16]. The mutation of several residues
Fig. 5. Orientation of the PKCε-C2 domain docked to membranes. Panel A represents
the most parallel disposition of the domain bound to POPC/POPE/CL-like membrane
while panel B shows a bigger angle α orientation (e.g. POPC/POPA). This model is based
on the crystal structure determined by Ochoa et al. [16] C2 domain of PKCε and is taken
from PDB ID: 1GMI. Side chains of the residues possibly involved in lipid binding are
depicted. The letter α indicates the angle α described in ATR-IR experiments.
Table 5
Orientation of β-sheets and β-strands in C2 domains docked to membranes.
Protein α (°) β (°) Ref.
PKCε 44±2 44±2 This work
PKCα 35±3 40±3 Ausili et al. [21]
25±6 76±8 Kohout et al. [49]
Malmberg et al. [51]
30±15 20±20 Chen et al. [52]
cPLA2 33±3 36±1 Ausili et al. [21]
28±6 46±7 Malmberg et al. [51]
SytIA 0±5 71±5 Hoff et al. [53]
Malmberg et al. [51]
For deﬁnition of α and β, see text. Values obtained in this work from IR-dichroism are
compared with calculations from docking studies with site-directed spin-labelling that
are reported in refs. [49,50,54], with X-ray reﬂectivity in ref. [52], and with ATR-IR data
from ref. [21]. The EPR results for PKCα-C2 are from a smaller datasetwhich yields a larger
strand tilt (γ=77° [51]) than that obtained with a more extensive dataset [50,54] for
which the azimuthal orientation is not available.
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brane [6,16,17,27,28]. As a consequence of the conclusions reached after
co-crystallization of the domainwith phospholipids and of site-directed
mutagenesis studies, a docking mechanism model was suggested [16].
In this model (see also Fig. 5) only loop 3 with Ile89 and Tyr91 fully ex-
posed at the apex of the loop, appears to penetrate into the lipid bilayer.
Loop 1 would also be in close contact with the membrane by the snor-
keling inside the lipid bilayer of positively charged residues, in particu-
lar Arg26 and Arg32, and by the bulky side chains, in particular Trp23,
penetrating to the inner core of the membrane. In this model bulky
side-chains of Trp23, Ile89 and Tyr91 could reach the inner part of the
membrane while conserved basic residues (particularly Arg26, Arg32)
electrostatically interact with anionic phospholipids. Arg50 in the con-
nection between strands β3–β4, might also participate in electrostatic
interactions with the lipid charged membrane heads. Also His85, inside
the pocket deﬁnedby loops 1 and3,would then be situated in the vicinity
of themembrane charged groups whichmight correspond to a pH sensi-
ble interaction. Therefore, the proposed model suggests that, despite the
absence of Ca2+, a diversity of hydrophobic and electrostatic forces can
contribute to the interactions of PKCε-C2 domains with membranes.
The consequence of these interactions with the participation of loops 1
and 3 and also of R50, taking place simultaneously, is a tilted orientation
of the domain when docking onto the membrane [16]. The resultsobtained in this paper are fully compatible with the model proposed be-
fore offering now the addition of the conﬁrmation of a tilted orientation
(Fig. 5).
Fig. 5 depicts a representation of two possible orientations of the
PKCε-C2 domain docked to different membranes based on a previously
described model [17]. According with this model, the amino acids sup-
posedly involved in lipid binding are displayed in sticks and labelled.
Likely, these are not the only interactions that occur when the domain
lies in a more parallel disposition to the membrane surface, e.g., in the
presence of a POPC/POPA membrane (panel A), indeed this orientation
is probably due to other interactions between the negative charges of
POPA and another part of the domain, while when these interactions
are lacking, the domain assumes a more perpendicular orientation
(panel B).
The membrane docking of other C2 domains have been investigated
in the past, using different biophysical techniques, such as site-directed
spin labelling andX-ray reﬂectivity. The results obtainedwere compared,
after transforming data in a previous paper [21].Whereas EPR-relaxation
enhancementswithin themembrane arewell established in site-directed
EPR by calibration with spin-labelled lipid chains [46,47], those outside
the membrane rely on uncertain extrapolations that rapidly become in-
sensitive to position in the aqueous phase. The latter are required exactly
for site-directed spin-labelling of the PKCα-C2 domain or the PKCε-C2
domain, which do not penetrate the hydrophobic core on binding to
lipid membranes. This accounts for the lack of agreement between the
orientation of the PKCα-C2 domain deduced from site-directed spin-
labelling and that deduced from IR-dichroism (and X-ray reﬂectivity).
In support of this interpretation is that the orientation deduced from
site-directed EPR for the cytosolic phospholipase A2 (cPLA2) C2 domain,
which penetrates the hydrophobic region of the membrane, agrees far
better with the direct determination from IR-dichroism than does that
from the non-penetrant PKCα-C2 domain. Regarding the comparison
between IR-dichroism and site-directed spin-labelling, it should be
noted that somewhat different criteria are used to deﬁne the orientation
of the β-strands and β-sheets in the two cases. Of necessity, the IRmeth-
od provides values which are averaged over all amides of the peptide
chain that are involved in β-strands. On the other hand, to facilitate
intercomparison between different C2 domains, orientations deduced
from docking with site-directed spin-labelling were deﬁned by just
three Cα positions in one β-sheet. These were chosen to be at the
ends of the longest β-strand and at an intermediate position in an adja-
cent strand; equivalent residues were chosen in all three C2 domains
that are compared in Table 5. Thus deviations between the two sets of
values might arise from non-planarity of the β-sheets. The two sheets
of the β-sandwich are closely parallel [48], which otherwise might
also contribute to differences, but the non-colinearity of the strands
has little effect on the IR result, as it was previously shown [21].
559A. Ausili et al. / Biochimica et Biophysica Acta 1828 (2013) 552–560In its simplest form, IR-dichroism of the amide I and amide II bands
from β-sandwich proteins has the advantage, relative to site-directed
spin-labelling studies with paramagnetic relaxants [49,50], that it in-
volves considerably fewer measurements and does not require site-
directed cysteine mutants. As regards membrane-bound C2 domains, it
also has greater orientational sensitivity because concentration gradients
of paramagnetic relaxants are rather small for surface-associated proteins
[50,51]. However, IR-dichroism gives only orientational data on surface
docking and provides no information on the vertical location of the
protein relative to the membrane, which is the principal strength of
both site-directed EPR and X-ray reﬂectivity. Ideally, the constraints
on orientation from IR-dichroismcould be used in the optimization pro-
cedure to provide further reﬁnement when ﬁtting the depth parame-
ters from site-directed spin-labelling, or X-ray reﬂectivity.
In the case of the docking of C2-PKCε studied in this paper, we al-
ready started with information on the vertical location of the protein
relative to the membrane, thanks to X-ray diffraction and site-directed
mutagenesis followed by binding experiments and site site-directed
mutagenesis and binding experiments [6,16,17]. In this case the orien-
tational data provided by ATR-IR supplemented the vertical location
studied in previous papers.
In summary that ATR-FTIR is a sensitive and reliable technique to
study the docking of proteins onto membranes and in the case of the
C2 domain of PKCε allowed us to calculate from the ﬁrst time for a C2
domain of novel PKCs which does not bind Ca2+, the orientation of the
β-sandwich which is the characteristic structural motif of these protein
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